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We investigate the environmental stability of fullerene solutions by static and dynamic light scattering,
FTIR, NMR and mass spectroscopies, and quantum chemical calculations. We ﬁnd that visible light
exposure of fullerene solutions in toluene, a good solvent, under ambient laboratory conditions results
in C60 oxidation to form fullerene epoxides, and subsequently causes fullerene clustering in solution.
The clusters grow with time, even in absence of further illumination, and can reach dimensions from
100 nm to the lm scale over 1 day. Static light scattering suggests that resulting aggregates are
fractal, with a characteristic power law (df ) that increases from approximately 1.3 to 2.0 during light
exposure. The clusters are bound by weak Coulombic interactions and are found to be reversible, disin-
tegrating by mechanical agitation and thermal stress, and reforming over time. Our ﬁndings are relevant
to the solution processing of composites and organic photovoltaics, whose reproducibility and
performance requires control of fullerene solution stability under storage conditions.
 2015 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Since the advent of large scale fullerene production [1], photo-
polymerisation and -oxidation has been reported for C60 fullerenes
and their derivatives in the solid state [2] and is now relatively well
understood [2–5]. By contrast, the environmental stability of ful-
lerene solutions, despite its relevance for plastic electronics [6]and fullerene-based composites [7], has received comparatively
less attention. Three outcomes have been reported for the light
exposure of C60 solutions: degradation of the fullerene cage [8,9],
photo-polymersation [10] and oxidation [10] whilst others have
reported aggregation with considering light exposure [11–15].
Degradation of the fullerene cage (photolysis) has been found
by UV radiation in hexane [8,9], eventually leading to the forma-
tion of a brown deposit which could not be re-dissolved [8]. Fuller-
ene photo-polymerisation and -oxidation upon UV exposure has
been investigated in a variety of chlorinated and saturated hydro-
carbon solvents, in ambient and inert atmospheres [10]. UV light
was found to cause photo-oxidation in saturated hydrocarbon
solvents and ambient conditions, while fullerene photo-polymeri-
sation was reported to occur in chlorinated solvents in inert
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ised as arising from fullerene ‘polymer’. Similar UV spectroscopy
data at wavelengths of 330 and 400 nm has, however, been inter-
preted as either evidence of decomposition [9,8] or polymerisation
[10]. Discriminating between these results appears thus difﬁcult
via UV spectroscopy, and both fullerene degradation and photo-
polymerisation remain rather poorly understood.
Although fullerene aggregation in solution has been previously
reported [11,12,15,13,14], its trigger and mechanism have not yet
been elucidated. Ying et al. [11,12] studied fullerene/benzene
solutions over a 40–90 day period using static and dynamic light
scattering. An increase in scattering intensity over time was found,
which was reversed upon hand shaking the solution. A laser wave-
length of 790 nm (and power of 30 mW) was assumed to be sufﬁ-
ciently away from the UV region in which degradation or
polymerisation had been reported to occur, although fullerene oxi-
dation is likely to take place close to this wavelength range [16].
Solution storage between measurements, in terms of light expo-
sure and solution atmosphere, was not discussed but the formation
of an insoluble brown residue was also observed. All solution con-
centrations in the above studies were below the reported solubility
limits [17] and agglomeration was thus not expected. Mixed sol-
vent systems containing toluene and acetonitrile [14] or aqueous
electrolyte solutions [15] have been found to cause C60 cluster for-
mation and crystallisation with various crystal symmetries [18],
but are beyond the scope of the present study.
Several mechanisms can potentially describe fullerene aggrega-
tion, according to rate limiting factors and fractal geometry. Gener-
ally, these include reaction-limited and diffusion-limited
aggregation and, within these, models for monomer–cluster and
cluster–cluster aggregation [19]. Reaction-limited aggregation
has typical energy barriers of 10 kBT [20] which must be over-
come for aggregation to occur, whereas diffusion-limited aggrega-
tion is effectively barrier-less and the aggregation process is
limited by the cluster diffusion. A characteristic fractal power
law (df ) found from an elastic scattering experiment I / qdf ,
where q is wavenumber, distinguishes the two regimes as both
yield characteristic structures. Reaction-limited monomer–cluster
aggregation, otherwise known as the Eden model [21] and diffu-
sion-limited monomer–cluster aggregation [22] both result in
more compact structures, characterised by a higher df of 3 and
2.5 respectively, compared to their cluster–cluster analogues
[19]. A ‘poisoned’ Eden model [23,24] describes the aggregation
of primary particles that are not only limited by a reaction step,
but also by a limited number of possible sites where aggregation
can take place. A crossover from reaction-limited to diffusion-
limited mechanisms can also be expected [25,20], as the growing
clusters become increasingly hindered diffusion through the sol-
vent, as opposed to the sticking probability between individual
particles. This mechanism predicts a decreasing df as agglomera-
tion proceeds, typically from 2.1 to 1.8 [25].
In this work, we probe the light-induced oxidation and subse-
quent clustering of C60 in toluene via static and dynamic light
scattering alongside analytical techniques and computational
calculations of the factors governing fullerene association.1 Ci is the mean inverse relaxation time of diffusive modes with the z-averaged
translational diffusion coefﬁcient Di ¼ Ci=q2. For the case of two or three well-
separated modes, DLS data can be adequately modeled with double- or triple-
exponentials (N = 2 or 3). This allocates one exponential per mode and hence allows
for a statistically robust estimate of the z-averaged particle size and of the
corresponding partial scattering intensity of the respective mode.2. Materials and methods
Neat C60 fullerenes (99% MER Corp) were dissolved in toluene
(99.5%, VWR), at various concentrations below the reported misci-
bility limit (0.32 wt%) [17]. All solution vials were wrapped in alu-
minium foil to minimise ambient light exposure prior to controlled
light exposure. Four light sources were evaluated, speciﬁcally: a
633 nm, 4 mW, HeNe laser, a 100 W, Mercury UV-A (365 nm)
lamp, a high intensity white light, and ambient laboratory light(detailed in Section S3). The most effective light source was found
to be the red laser source, with the highest irradiance, and was thus
employed for most experiments reported in this study. Exposure
times ranged from 0 to 25 h in a 1 cm rectangular quartz cuvette
(Hellma) sealed with PTFE tape and a screw-top lid to prevent
evaporation. All experiments were carried out with 1 ml of solu-
tion at 25 C, unless otherwise speciﬁed. Prior to measurements
the C60/toluene solutions were ﬁltered through a 220 nm PTFE
ﬁlter (VWR) to remove dust and particulates. Dynamic Light Scat-
tering (DLS) was performed in the same cuvette using a Malvern
Nano-S with a ﬁxed angle detector at h ¼ 173, corresponding to
q ¼ 2:96 102 nm1, where q ¼ 4pnk sin h2, and n, k and h are the
refractive index of the solvent (1.496), laser wavelength (633 nm)
and scattering angle (173) respectively. The ﬁeld correlation func-
tion gð1ÞðtÞ obtained from DLS was ﬁt with a series of exponentials
using1:gð1ÞðtÞ ¼
XN
i¼1
aiðqÞ expðCitÞ ð1Þwhere ai is the scattering amplitude of the ith mode, and Ci is the
mean inverse relaxation time of each diffusive mode, with N  3.
The diffusion coefﬁcient Di of each mode is computed from
Ci ¼ Diq2 and the hydrodynamic radius, Rh;i, of the particles is
obtained from the Stokes–Einstein equation:Rh;i ¼ kBT6pgDi ð2Þwhere kB is the Boltzmann constant, T is the temperature and g is
the dynamic viscosity of the solvent, for toluene (5:5 104 Pa s
for toluene at 25 C). In order to reproducibly ﬁt the various decay
modes, the fastest decay (C1) was ﬁxed, as it is present in neat
toluene as well as fullerene solutions and cannot be interpreted
quantitatively. A contribution from molecular C60, expected at the
nanosecond time scale is not resolved reliably, likely due to its
low content in solution (bound by its low miscibility in toluene)
and limited detector sensitivity. The second decay (C2) was
assigned to clusters which form upon illumination with dimensions
Rh;2 of the order of 100 nm. The ﬁnal decay (C3) yields Rh;3 on the
order of 10 lm, beyond the limit of Brownian diffusion analysis. It
is common for long decay times detected by DLS, corresponding
to particulates of dimensions on the order of 10 lm, to be ascribed
to contaminants; however, due to the trend observed during light
exposure, and their initial absence in the ﬁltered solution, we inter-
pret them as large C60 clusters. These larger particles can eventually
be observed in solution via transmission optical microscopy (Olym-
pus BX71), conﬁrming the formation of large clusters of 10–90 lm
dimensions. The amplitude of each mode, a1; a2 and a3 is also
computed, quantifying their relative population. The three modes,
characteristic Rh;i, and attributed physical meaning are summarised
in Table 1. Mass spectroscopy (LTQ Velos Pro, Thermo Scientiﬁc),
FTIR (Bruker Tensor 27) and NMR (Av500) spectroscopies were used
to characterise light exposed C60 solutions. Quantum chemical cal-
culations were carried out on pairs of C60Ox molecules. Further
details of these analytical techniques, computational methods and
sample preparation can be found in Section S1.
Table 1
Summary of ﬁtting parameters, size regimes and species.
Mode Amplitude Rh Regime/nm Attributed to
1st a1 0.050:01 Solvent
2nd a2 50–200 Clusters
3rd a3 10,000–90,000 Large clusters
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As discussed above, three outcomes of light exposure to C60,
degradation, polymerisation and oxidation, may be expected. The
ﬁrst two are changes in the chemical species which generally occur
upon UV irradiation. Visible light has been shown to induce C60
photo-chemical transformations and have been shown to have a
low energy gap of approximately 1.8 eV, which excites ground
state electrons in C60 to the excited state and causes oxidation in
the presence of oxygen [16,26]. Our expectation is therefore to
observe phenomena associated with fullerene oxidation, and is
indeed conﬁrmed by spectroscopic data.
3.1. Fullerene epoxidation
MS (Fig. 1a) indicates the presence of C60O; C60O2 and C60O3,
and the NMR spectrum shows a peak at d 49 ppm, corresponding
to epoxide formation, and absence of peaks in the 180–220 ppm
region characteristic of carbonyl groups. A ratio of peak intensities
indicates approximately 0.7% epoxide formation, after 21 h of light
exposure (Fig. S1). By MS, no additional peaks corresponding to a
mass lower than one individual fullerene molecule were present
in a solution exposed to light indicating that photolysis is not
taking place. Due to the relatively slow formation of C60Ox, a signif-Fig. 1. (a) Mass spectroscopy results of C60/toluene solution exposed for 21 h (and dilu
illustrated with possible epoxides formed. (b) FTIR spectra of C60 solution prior and af
function of a freshly prepared ( ) 0.3 wt% C60/toluene solution, and following ageing in t
at light exposure times: t = 0 ( ), 1 ( ), 5 ( ), 15 ( ), 20 ( ) h. Solid lines are ﬁts to Eq
transmission optical microscope image of micron-scale C60Ox clusters observed after 16icantly longer exposure time of 2 weeks was employed for FTIR
spectroscopy samples in order to increase the concentration of oxi-
dised fullerene. Upon light exposure, peaks were observed at 806,
1018, 1095, 1261 and 1459 cm1 which have been previously
assigned to fullerene epoxide formation [27–29], either for C60O
or C60O3 as indicated on Fig. 1b (C60O2 was not observed by FTIR
spectroscopy, but was shown to be present by MS). The potential
outcomes of degradation and polymerisation can now be ruled
out, as no brown residue nor supporting spectroscopic evidence
was found [8,10]. We thus conclude via MS, FTIR spectroscopy
and NMR that the exposure of fullerene to light (633 nm, 4 mW)
results in fullerene epoxide formation. The mechanism for C60
oxidation has been described previously [16,26], and is brieﬂy
summarised here. The incoming photon (1.8 eV) excites an
electron in the C60 to the ﬁrst excited state, followed by internal
conversion and inter-system crossing to form a triplet excited
state; in the presence of oxygen, triplet energy transfer occurs
and produces singlet oxygen; the simultaneous presence of triplet
excited state C60 and singlet oxygen then produces fullerene oxide.
3.2. Epoxide aggregation
The ensuing aggregation of oxidised fullerenes in toluene upon
light exposure was investigated via DLS. A comparison of a freshly
prepared and a control solution of two week old 0.3 wt% C60/
toluene solution stored in the dark is shown in Fig. 1c. Solutions
aged in the dark () and freshly prepared ( ) exhibit similar
scattering proﬁles. These are distinct from the multi-step decay
functions, seen in Fig. 1d for light exposed C60 solutions. Typical
correlation functions, gð1Þðq; tÞ, ﬁtted to Eq. (1) show the emergence
of a second and third decay during light exposure, both of which
continue to show an increase in intensity and Rh;2 with lightted with IPA for injection), where peaks corresponding to C60Ox with x = 0–3 are
ter 2-week light exposure (C60Ox) and embedded in KBr discs. (c) DLS correlation
he dark for 14 days (). (d) DLS correlation function of 0.3 wt% C60/toluene solutions
. (1). A second and third decays appears after, respectively, 1 h and 5 h. Inset shows
h light exposure.
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evidently the result of fullerene photo-oxidation.
In order to quantify and understand the interactions between
fullerene epoxide (and fullerene) molecules, quantum chemical
calculations were carried out, as detailed in Section S1.3. Initial cal-
culations predict a large dipole moment for C60O, strongly localised
close to the oxygen atom, with a partial charge of 0.45 e on the
oxygen, and 0.49 e on the nearest carbons, where e is the elemen-
tary charge. The four next nearest carbons have partial charges of
0.15 e, and all other carbons remain close to neutral
(0.03 e < q < 0.03 e). This results in a very small Coulomb bind-
ing between C60O molecule pairs of 0.006 eV at 3.5 Å (Fig. 2), much
lower than the average thermal energy at room temperature
(0.025 eV). However, pairs of C60O molecules are found to exhibit
signiﬁcant induced dipoles located close to the oxygen atom, lead-
ing to a much larger Coulomb interaction between molecules
(0.33 eV at 3.5 Å, Fig. 2). The calculated Coulomb binding energy
is 10 kBT, compatible with the estimation by Di Biasio et al.
[20] for an RLCA mechanism. As these induced dipole interactions
diminish rapidly with separation, the energy gradient with dis-
tance is much steeper. Induced charges on the righthand side
C60O are located on the four nearest carbons to the oxygen atom,
favouring spatial arrangements where O approaches C60O cages
in an orientation away from another O. Based on these results,
we expect the Coulomb binding between a C60 and C60O to be sim-
ilar that of a pair of C60O molecules, shown in Fig. 2. Although sol-
vent interactions are not included in these calculations, which
could result in a signiﬁcantly smaller interaction energy, these
results provide an indication of a strong Coulomb binding between
C60O molecules. Therefore, from quantum chemical calculations,
we can conclude that C60O molecules are expected to bind to other
C60O or C60 molecules, with the exception of conﬁgurations which
bring oxygen atoms in close proximity.
Given the low fraction of C60Ox in solution (only 0.7% after
21 h light exposure as measured by NMR, Fig. S1, it is unlikely that
the clusters comprise solely C60Ox, and must thus include a signif-
icant fraction of C60 within the clusters. This is compatible with our
ﬁndings from quantum chemical calculations, which indicates
binding can take place between C60O and C60 molecules.
The predicted low binding energy was evaluated experimen-
tally via two methods: mechanical agitation (Fig. 3a) and thermal
energy (Fig. 3b). In short, 0.3% C60 solutions were exposed to light
and then vortexed or heated to 65 C while monitored by DLS. [30]Fig. 2. Calculated energy landscape for separation of C60O molecules in the (j)
absence of induced charges, using point charges on a single C60O molecule.
Quantum chemical calculation of pairs of C60O molecules taking into account ( )
mutually induced charges, expected to occur in this system. Dashed lines are guides
to the eye.Both agitation and thermal stress result in a decrease in amplitude
(a2) back towards the original values for unexposed solutions, indi-
cating cluster dissociation. After the break up of clusters, the oxi-
dised C60 solutions were stored at rest, in the dark at 25 C, and
measurements carried out every hour. We ﬁnd that clusters reform
over time, as evidenced by an increase in a2 over several hours.
Such epoxides become solubilised above 50 C, but precipitate at
lower temperatures (additional temperature results are shown in
Fig. S4a). The recovery rate of fullerene association appears to cor-
relate with thm, which is expected since a larger fullerene popula-
tion, oxidised over longer light exposure times should result in
cluster growth at a faster rate.
3.3. Effect of light spectrum and intensity
We next discuss the light exposure requirements for fullerene
epoxidation and aggregation to occur. Four different light sources
were employed: (i) ambient laboratory light, (ii) high intensity
white light, (iii) UV-A lamp and (iv) a HeNe laser (used for the
majority of the experiments here), detailed in Section S3. Repre-
sentative DLS correlation functions obtained with the different
sources are shown in Fig. S3, as well as the respective spectral irra-
diances. We estimate the number of photons based on the power,
efﬁciency and exposure duration of the various light sources and
related it to the average value of the DLS correlation function
between 4 and 12 ls (and thus to the cluster number density).
For a 0.2 wt% C60 solution, we estimate that 1 h of ambient labora-
tory light (measured to be 3:5 013 photons/s/cm2) exposure is
sufﬁcient to form clusters as measured by DLS, shown in Fig. 4a.
By contrast, prolonged UV-A exposure (26 h), even with a higher
C60 concentration (0.3 wt%), did not result in signiﬁcant cluster for-
mation compared to a sample kept in the dark (the low value for
gð2Þðq; tÞ shown in Fig. 4 also includes a small contribution from
laboratory light exposure during sample handling). By attenuating
the 4 mW HeNe laser power, it can be seen in Fig. 4b that gð2Þ (and
thus the cluster density) increases approximately linearly with
increasing light dose (or laser power at constant exposure time).
We can thus estimate that only 1 h of ambient laboratory light is
sufﬁcient to induce fullerene oxidation and subsequent cluster
formation.
3.4. Cluster formation mechanism
To investigate the cluster formation mechanism, a series of
additional intermittent laser experiments was carried out, varying
the relative light exposure and dark time intervals. The experimen-
tal protocol included: (i) continuous light exposure, (ii) 6 min
exposure per 26 min, and (iii) 6 min exposure per h, over a period
of several days (shown graphically in Fig. S2). In order to interpret
the results, we consider the total experimental time, t, and the light
exposure time, thm. Fig. 5a summarises DLS results for the correla-
tion amplitudes a2 and a3, as well as cluster hydrodynamic radius
Rh;2. There is a dependence between a2 and a3 with light dose (i.e.
number of photons), whilst Rh;2 remains relatively unaffected, for
the exposure conditions investigated. This indicates that once the
clustering process begins, induced by light exposure and oxidation,
clusters ranging in size from 50 to 200 nm appear to grow at the
same rate. The values for a3, corresponding to large micron-sized
clusters, indicate that solutions exposed to larger light doses exhi-
bit larger clusters at earlier times. Once 100 nm clusters are pres-
ent, the larger micron-sized clusters grow, whose population
depends on light dose. Fig. 5b shows two key aspects of fullerene
clustering: while light exposure induces cluster formation, subse-
quent cluster growth ensues spontaneously in the absence of light
corroborating the results shown in Fig. 5a. Fullerene epoxide for-
mation is thus a necessary condition for cluster formation (below
Fig. 3. (a) DLS correlation amplitude, a2, corresponding to fullerene clusters, obtained using Eq. (1), upon light exposure, mechanical agitation (vortex), and cluster
reformation in dark conditions. (b) DLS correlation amplitude a2 (data points) and corresponding solution temperature (blue line, scale on right axis). Following illumination
and cluster formation, the solution was heated in the dark to 65 C and cooled before measurements resumed. Solutions were stored in the dark and measured every hour
(minimising additional oxidation). Our results demonstrate the reversibility of oxidised C60 clustering: redissolution by mechanical agitation or increased temperature, and
subsequent reformation in their absence. Grey lines are guides to the eye. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 4. Dependence of DLS gð2Þðq; tÞ at 4 < t < 12 ls on number of photons impinging on solution for the various light sources investigated in Fig. S3 (a) 1 h light exposure of
0.2 wt% C60/toluene from 633 nm, 4 mW laser, high intensity white and ambient light, and as before a 0.3 wt% C60/toluene solution was exposed to 365 nm, 100 WUV light for
26 h. (b) 0.3 wt% C60/toluene from 633 nm light at powers ranging from 0.44 to 4 mW.
28 R. Dattani et al. / Journal of Colloid and Interface Science 446 (2015) 24–30the C60 miscibility limit in toluene), and the growth of C60 clusters
is slow, taking place even after 10 s of hours in the absence of light
exposure.
The mechanism for light-induced fullerene cluster formation
appears thus to involve an initial photochemical reaction, followed
by a slow directional association, resulting in at least two cluster
population distributions. Clustering is observed at concentrations
down to at least 0.1 wt% (lowest studied) with the kinetics depend-
ing strongly on fullerene loading. We rationalise the experimental
results as follows. Stage I: C60Ox production, characterised in
Figs. 1a and b and S1. The yield of this photochemical reaction in
dilute solution is inevitably low, as we estimated about 0.7% con-
version by NMR after 21 h. Stage II: once enough C60Ox is formed,
induced dipole interactions between C60Ox and C60 result in clusterformation with size ranges of 50–100 nm. Cluster formation
appears to have an induction time (1 h in the conditions investi-
gated) for a well deﬁned correlation decay to appear in DLS (Fig. 5b,
). Thereafter, these clusters, likely to contain both C60Ox and C60,
and continue to grow in number and size, characterised by a typi-
cal Rh;2 of 100 nm. Stage III: Micron-sized large cluster growth.
Once a signiﬁcant number of 100s nm clusters are produced, a
decrease in a2 is observed, accompanied by an increase in a3 (seen
most clearly for thm ¼ 15 h in Tol-O, Fig. 5c). A bi-modal cluster dis-
tribution is found at sufﬁciently long times, with ’100 nm coexis-
ting with micron-sized clusters, instead of a gradual cluster growth
into larger agglomerates. The formation of micron sized clusters is
thus likely due to cluster–cluster aggregation, although small
intermediate populations cannot be ruled out due to the ﬁnite time
Fig. 5. (a–c) DLS and (d) SLS results of 0.3 wt% C60/toluene solution exposed to a 4 mW, 633 nm laser. (a) (j) continuous light exposure, ( ) 6 min exposure per 26 min, and
( ) 6 min exposure per h. Rh;2, characterising cluster size, exhibits similar time dependence for all cases, while a2 and a3, corresponding to cluster populations, differ. (b)
Correlation functions of freshly prepared ( ) C60 exposed to light for 45 min ( ), 1 h ( ) and 31 h ( ) after which the solution is left in the dark for 12 h ( ). (c) DLS results of
Rh;2 r, a2  and a3 D. Comparing different solution conditions, oxygenated toluene (Tol-O) (red) and toluene at 45 C (blue). (d) SLS data indicating an increasing Rg via a
combination of Guinier and fractal analysis [31]; fractal power df also increases. Selected data shown in inset. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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and precipitation. Fig. 5d shows SLS measurements during cluster
formation from which further structural information can be
extracted. An average of results from power law, Guinier (in the
range 7:1 6 q 6 1:05 103 nm1) and fractal analysis [31] yield
a (fractal) power law df and cluster radius of gyration Rg . (The mod-
els are discussed in Section S1.4.) A qualitative trend is observed:
Rg and df increase during cluster formation (inset of Fig. 5d). TheFig. 6. Schematic depicting light exposure of C60/toluene solutions in ambient condition
200 nm (Stage II) which then grow over time to produce microscopic fullerene particle
objects.Rg follows the same trend as seen for Rh;2 with Rg increasing from
140 to 200 nm (due to the limited q range (qmax=qmin <10) and q-
range not fully covering R1g < q < R0, where R0 is the radius of
individual particles, only estimates for df can be obtained).
The increase in df is compatible with an aggregation process via
monomer–cluster aggregation, which produces denser clusters
than cluster–cluster aggregation. A mechanism similar to the ‘poi-
soned’ Eden model [23,24], appears likely, as the initial stages ofs, and subsequent formation of fullerene epoxides (Stage I), forming clusters of 50–
s (Stage III) and which further densify over time (Stage IV) to form more compact
30 R. Dattani et al. / Journal of Colloid and Interface Science 446 (2015) 24–30aggregation are expected to be limited by the formation induced
dipoles and restricted by the relative location of oxygen sites. df
values previously reported for C60/solvent systems include 2.1 for
C60/benzene [11] and 1.8–2.4 for C60/water [15]; in our results, df
increases from 1.34 to 2.05, indicating that clusters become
increasingly compact with time, possibly due to C60 or C60Ox diffu-
sion within 100s nm clusters resulting in further densiﬁcation and
thus higher fractal dimension. Alternatively bond breaking and
cluster rearrangement can also result in densiﬁcation, as suggested
in certain cases of protein aggregation [32]. A schematic summaris-
ing the proposed light induced cluster formation is given in Fig. 6.4. Conclusions
We have investigated the light-induced fullerene oxidation and
clustering in solution, below the miscibility limit of neat fullerenes.
Modest illumination in ambient conditions (c.f. Figs. 4 and S3) was
found to cause the formation of fullerene epoxides, conﬁrmed by
MS, NMR and FTIR spectroscopies. In order to ensure reproducibil-
ity of solution processed fullerene composites and ﬁlms, light
exposure – even to ambient light – must therefore be controlled
and reported. Upon oxidation, fullerene solubility decreases result-
ing in cluster formation with Rh;2 on the order of 100 nm due to
Coulomb interactions. Cluster Rh;2 can be controlled via concentra-
tion, time, solvent, laser power and temperature (Fig. S4). Cluster
formation is compatible with a ‘poisoned’ Eden model and a bi-
modal cluster population develops and densiﬁes over time. The
potential impact of fullerene epoxides lies in organic electronics
and industries where fullerenes and their derivatives are com-
monly processed in solution prior to ﬁlm formation [33,34]. Light
exposure of polymer–fullerene composite ﬁlms has been shown
to profoundly impact their stability and morphology [35–37].
Additionally, fullerene epoxides can be used to synthesise further
functionalised fullerenes [38], and this method appears to be rela-
tively simple and scalable for fullerene epoxide production, and
could be conducted in a ﬂow reactor [39]. Cluster formation is
expected to have signiﬁcant implications for ﬁlm formation, fuller-
ene crystallisation and thus for thin ﬁlm morphology.
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